ABSTRACT Right and left ventricular ejection fractions (RVEF and LVEF) were determined by radionuclide imaging in 37 normal subjects and 37 patients by means of (1) the traditional way of calculating ejection fraction from first-pass time-activity curves of each ventricle generated from a single fixed ventricular region of interest, (2) dual first-pass time-activity curves generated from the end-diastolic and end-systolic regions, respectively, and (3) the multigated equilibrium method, also applying separate regions in end-diastole and end-systole for each ventricle. Values for RVEF measured by method 2 were significantly higher than values obtained by methods 1 and 3. In normal subjects, the values for RVEF measured by method 2 were equal to the values for LVEF determined by either this method or the equilibrium technique. Methods 1 and 3 had a tendency for underestimation of RVEF, probably because of inclusion of right atrial activity into the right ventricular region of interest. Methods 2 and 3 were applied to measure RVEF and LVEF, respectively, in 153 patients in the second week after first acute myocardial infarction. Among these, 25% had normal ejection fractions, 47% had a decrease in only LVEF, 8% a decrease in only RVEF, and 20% a decrease in both RVEF and LVEF. Circulation 72, No. 3, 502-514, 1985 
IN A RECENT textbook of cardiovascular medicine, it is stated that "in man, the end-diastolic volumes of the two ventricles are approximately equal, and therefore the ejection fractions of the two ventricles are normally similar as well."' In the literature, however, the matter seems not quite settled, since some investigators have reported equal or nearly equal size of the ventricular volumes,,2-whereas the majority of recent reports support the view that the right ventricle is larger than the left. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] With the last years' increasing interest in the function of both ventricles and their interdependence, 19 ' 20 it has become relevant to have access to methodspreferably noninvasive -that can reliably quantify right and left ventricular function. Because 78) . Their diagnoses were AMI (n 29). heart faailure caused by ischemic hcart disease and/or previous myocardial infarctioni (n = 5). cardiomyopathy (n = 2), and endocarditis (n =I ).
Groulp 111. This gi.oup included 153 consecutive patients ful filling the following criteri a: (1 ) fJEust myocardial infarction, (2) hospitalization within 24 hr after the onset of symptomns. and (3) radionuclide examination carried out in the second week (eighth to fifteenth day inclusive) after the onset. There were 38 women (mean age 65 years. range 45 to 81 ) and I 15 men (mean age 58 years, range 35 to 78).
The diagnosis of AMI was based on previously described criteria,21 defined by the occurrence of a temporary. significant If the characteristic clectrocardiographic changes (decreasing or disappearing R wavc and/or increasing Q waves together with typical development of ST-T changes) occurred in the precordial leads, infarets were classified as anterior. Posteroinferiol location meant appearance of the same changes in leads 11 and 111 and/or the reverse changes in precordial leads V, -C1r2 Cases in which characteristic clectrocardiographic changes could not be detected, e.g., because of the piesence ol bundle branich block, were also included and consider-ed indeterminate.
Radionuclide imaging. All investigations were perf)o 01ed with subjects in the resting supine position. Red blood cells were labeled by a miodifiecd in vivo/in vitro technique1 with methylene-diphosphonate (Ostelite, NEN) and 30 mCi 99'i'Tc. Approximately 5 ml of labeled blood was placed in a salinefilled niylon linc connected to an indwelling plastic canlnula, pieferably in a riiht medial cubital vein. An initial first-pass study was peiformled in a standard 30 degree right anterior oblique (RAO) view' aftcr flushing with 20n ml of saline. Data were collected in list mode during continuous recording of the electrocardiogryi-am for later dyniamic and/or gated refiamlling (see below). Subsequently. gated equilIibrium iimiaging was undertaken in a left anteiior oblique (LAO) view, giving optlinal separation of the left ventI-icc from othet chambei s of the heart. A total of 5 million counlts were collected in a 64 x 64 word matrix, with 20 fIameics per RR interval, the acquisition lasting typically 6 to 8 mlin.
Data processing Fis-tY1-)CSs stiide.s E EFA M ii i t(i). After dynami c ieframin (20 frames/sec, i. e., firame duration 50 imlsec), fraimCes werie added to create pictures of the right and lcft ventricles. Because the activlty in the two ventriclcs will Ieach maxilmull successively. pictures of aech can be obtained without disturbing overlap of the other ventricle, despite the delinitc anatoimic overlap in this projcction (RAG) . The outlines of the ventric-les weic drawn manually with a joystick on each picture. and the iespective timc-activity curves were generated ( figure 1). RVEF was (letcrmined without backYround coirection as the meian of a few successive (typically 2 or 3) beats, starting with the beat at the top of the curve, with the formula EF (enid-diaistolic counts -endsystollc counllts)/cnd-diastolic coutits. LVEF was deternmined sinilar y. but withi correcti'on foir backeri-ound activity with use of an ar-ea ncear the apex of the ventiicle (figuIe 1) and normallzation of this arca to the arca of the left ventricular iegion of interest.
E iSA Mi 1ilGi). Fronm the curves cnecrated fiom the Iight and left ventricular regions with methol 1, the faiame numbers representing diastole and systole could be read. The dliastolic frames were added to make a comlposite end diastolic picture (figure 2, A and E). ancd similarly. systolic frames were summned to create an end-systolic picture (figure 2, BI and F). On these new pictures the outline of cach ventricle was iedrawn to gencratc the corresponding time c-activity curves (figuic 2. C and G). Subse-FIGURF: 1 images. The corresponding geminate curves were generated, and the peak of the average diastolic area-curve and the troughs of the average systolic area-curve were used for calculation of ejection fraction (figure 2, D and H). Background correction by area normalization was carried out with use of a region near the apex of each ventricle (figure 2. F).
Because the quantitative information is essentially the same whether the list mode data are reframed in the dynamic or gated mode, the latter procedure was used throughout the entire investigation. (Slight differences between the two modes of reframing are mainly caused by variation in frame duration with the gated approach because of the diffierent heart rates of the pa tients.) Equilibrium studies. These were collected in 20 frames.
RVEFmnug was determined manually after identification of the frames representing right ventricular end-diastole and end sys tole (which, in accordance with early reports on this matter, 4--6 were not always identical to those representing the same phases of left ventricular contraction). The outline of the ventricle was drawn with a joystick on the two frames, and RVEF was calculated fromii the background-coirected counts included in the two areas. An area with the samiie location as applied for correction of the left ventricular activity was di awn for background correction (see below).
LVEF1aMU
. was determined by a semiautomatic program for calculation of LVEF from operator-defined end-diastolic and background regions of interest. The latter was invariably placed in the inferolateral vicinity of the left ventricle, encompassing the pixels with lowest activity in the end-systolic frame. Whenever inaccuracies in the automated comiputer analysis were noted, the outline of the left ventricle was drawn manually in both end-diastole and end-systole. .53-74
. Ejection fractions obtained in the 37 healthy individuals (each point is the mean of two observers values). Because the 95% confidence limits were defined by the 2.5 and 97.5 percentiles by removing the lowest and highest values in each of the six columns, this meant that a little more than 5% of the population (i.e., 2/37. 5.43%7) was discarded. For compensation, the next highest and next lowest figures in each column were rounded up and down. respectively. whenever possible. This procedure accounts for the apparent discrepancy between the respective 951% limits given at the bottom of the figure and the next lowest points in columns 1, 4, and 6 (from the left) and the next highest point in column 3.
Results
Comparison of the different methods of radionuclide analysis. Results obtained in the 37 normal subjects are shown in figure 3 , and in table 1 with the values from the 37 patients. In the normal subjects, women and men were comparable in age. We failed to identify any differences between values for ejection fraction recorded in the two sexes. The 95% confidence limits of normal, defined by the 2.5 and 97.5 percentiles, are given at the bottom of figure 3 .
The following relationships were observed between the ejection fractions recorded with various methods of analysis.
RVEF. In the normal subjects, values obtained by the fpSA method were significantly higher (mean 18 ejection fraction units, range 0 to 46; p < .001) than values determined by the muga technique, which again were higher (mean 8 units, range -8 to 21; p < .001) than the values calculated by the fpFA method (figure 3).
In the 37 patients the fpSA values were also lying at a clearly higher level than the fpFA and muga values for RVEF, which were of similar size (p in both instances < .001) (table 1).
The interobserver variation, expressed by the co- . 98 6 RVEF,lluga 36 (15-68) 39 .80 19 LVEFluga 37 36 .99 6 AValues (mean and ranges) are given in --ejection fraction units' (0-100); i.e., an ejection fraction of 0.37 = of the left when expressed in relation to body weight (right ventricular, 2.0 ml/kg; left ventricular 2.3 ml/kg), whereas the opposite was found when expressed in relation to body surface (right ventricular, 109 ml/m2; left ventricular, 93 ml/m2). However, the most widely applied methods in man are the cineangiographic and the radionuclide techniques (tables 2 and 3).
Cineventriculography. end-diastolic volume; EF = ejection fraction; AP = anteroposterior; BSA = body surface ,All listed figures were obtained in "normal" patients, i.e., control patients with normal hemodynamic findings.
BThe table numbers given refer to tables in the cited articles, not to tables in the present work.
508 CIRCULATION the left; rather, the two ventricles appeared to be of equal size. This observation led to the elaboration of the fpSA method and the finding of equal RVEF and LVEF in normal subjects. Values for LVEF calculated from the first-pass studies by either the fpFA or fpSA method differed less because the aortic valve plane is relatively fixed and because the left atrium interferes minimally in the RAO view. The slightly higher values for LVEF with the fpSA method than with the muga technique might be caused by differences in background correction. With the first-pass approach the background activity is coming mainly from the pulmonary vascular bed, varying with time. After equilibrium the activity from labeled blood cells in many different tissues contributes to the background activity in a much more complex fashion. "True" background cannot be determined accurately with either method.
Some investigators have proposed the use of stroke volume images to define the ventricular region of interest.7 18 In our experience, this also results in underestimation of RVEF because of the omission of diastolic ventricular activity near the tricuspid valve plane. Stroke volume counts in this area are counterbalanced and thereby abolished by atrial activity appearing in the same region during ventricular systole. This undesirable effect will be even greater if the anterior projection is used,7-10, 16 since there is greater overlap between right atrium and right ventricle in this view. Subtraction of the activity in a narrow area in this transitional zone7-10, 16 iS an arbitrary way of solving the problem of overlap, resulting in higher but not necessarily correct RVEF values.
Multigated equilibrium studies. Maddahi et al. 1 1"47 were the first to report determination of RVEF by gated equilibrium imaging. They recognized the problems with overlap between the right atrium and the right ventricle in the LAO view necessary for equilibrium studies and clearly demonstrated that if RVEF is calculated by means of a fixed diastolic region of interest, right atrial activity will become included in this region resulting in underestimation of RVEF. Using a procedure comparable to that of Maddahi et al.,'" including the fpSA method, Winzelberg et al.6 and we found similar RVEF values in normal subjects by gated equilibrium imaging, but these values were substantially lower than those obtained by the fpSA method (table  3) . In 20 patients, Maddahi et al." compared values for RVEF obtained by both gated first-pass and gated equilibrium imaging. They found a good agreement between the two methods, probably because they performed the first-pass studies in the anterior position with consequent overlap between the right atrium and the right ventricle and corresponding underestimation of RVEF. Stroke volume images have also been used with the gated equilibrium principle in an attempt to overcome the problems in defining the right ventricular region of interest.'5 17 49 However, the right atrium is often completely hidden behind the right ventricle in diastole and clear of it to an unknown degree in systole, depending on the size of both the ventricle and the atrium itself and on the individual degree of rotation of the heart. Under these circumstances it is therefore unclear what the stroke volume image represents.
Because of these reservations, we find it difficult to believe in the accuracy of the multigated equilibrium method for the determination of RVEF, even if separate areas are applied in diastole and systole. We would also be reluctant to measure relative changes in RVEF with this approach because of the poor reproducibility we have found in another investigation. 5 in whom both RVEF and LVEF have been systematically measured. Radionuclide investigations were performned in the second week after infarction, at a time when the clinical conditiorn of most patients was relatively stable. The prognostic significance of the combined determination of RVEF and LVEF in these patients will be dealt with separately.
Applying our method of measuring RVEF together with determination of LVEF by current radionuclide principles, we found that about one-fourth of the pa tients had entirely normal ejection fractions. Almost one-half had a decreased LVEF with a normal RVEF, less than one-tenth had a decrease in RVEF only, and one-fifth had a decrease in both ejection fractions.
Clinical implications. If RVEF and LVEF are almost equal in normal subjects, divergences between them (e.g., exceeding 10 In patients with AMI, measurement of both RVEF and LVEF may be clinically relevant, not only because this may reveal involvement of both ventricles, but also because it might aid in characterizing certaini subg roups with prognostic and/or clinical imnplications.
